A healthy taste system is important to the maintenance of nutrition and overall quality of life, and taste disorders are associated with many inflammatory states. We previously determined the immune cells in normal human gustatory tissue; they are predominantly dendritic cells and CD4 T cells with a few macrophages and B lymphocytes present. There are, however, few reports of the subtypes of resident lymphocytes in or near taste tissues. The present study further characterized the distribution and population of the major subtypes of T cells in situ within biopsies of healthy human fungiform papillae (FP). Immunohistochemical analyses indicated that T-helper (Th)1 cells (CCR5+) were more predominant in FP than Th2 T cells (CCR4+). CD45RO+ memory T cells were the principal T cells in gustatory tissue, whereas CD45RA+ naive T cells were uncommon. Regarding subcompartments of the tissue, most intraepithelial lymphocytes of FPs were c/d T cells, whereas the major subtype of lymphocytes in the lamina propria were a/b T cells. Regulatory T cells that express CTLA-4 (CD152) and interleukin-2 receptors (IL-2R, CD25) were found at low levels in FP. The T cells stand ready to respond to inflammatory and infectious insults and may play a role in the taste alterations observed during acute and chronic inflammatory states.
Introduction
A healthy and functioning taste system is important to the maintenance of ingestion, proper diet, and overall wellbeing. Taste alterations and taste loss affect the pleasure patients derive from food, their willingness to eat, and their desire to participate in social gatherings related to food, such as eating meals with family and friends (Breslin et al. 1997; Varga et al. 2000) . In general, immune regulation and inflammatory status are important to the normal physiology of the taste system. In many inflammatory disorders, taste function is altered. Whereas the mechanisms for these taste alterations are unknown, there are several immune cells and molecules in and near taste tissue that likely play causal roles. For example, several key cells of the immune system reside in or near human gustatory tissue (fungiform papillae, FP ; Feng et al. 2009 ). Functional molecules of the immune signaling pathways reside in taste buds as well (Wang et al. 2007) , and these molecules are differentially regulated in taste tissue in clinical studies (Mann 2002 ) and in experimental paradigms (Phillips and Hill 1996; Cavallin and McCluskey 2005) . Patients with chronic inflammatory and autoimmune diseases report taste dysfunctions (Mann 2002) . Also, inflammation induced by radiotherapy to the oral cavity for treatment of head and neck cancer is strongly correlated with either hypogeusia or ageusia and the consequent loss of interest in feeding (Conger and Wells 1969; Esses et al. 1988; Nelson 1998; Yamashita et al. 2006) . The exogenous use of cytokines, such as interferons (IFNs), is associated with taste disorders, and in experimental models, IFNs cause apoptosis of taste cells (Abdollahi and Radfar 2003; Wang et al. 2007) . Rats with reduced nerve responses to sodium caused by the experimental denervation of anterior tongue taste via chorda tympani nerve transection followed by dietary sodium restriction are accompanied by compromised immune function (Cavallin and McCluskey 2005) . Furthermore, the activation of certain immune responses with model infectious agents and immune activators, such as lipopolysaccharide from bacteria, may promote more rapid recovery from gustatory neural injury and the return of normal taste function (Cavallin and McCluskey 2005) , suggesting a positive regulatory role on taste tissue. This induced recovery of taste function appears to be mediated, in part, by increased activation of macrophages and T cells (Cavallin and McCluskey 2005; Phillips and Hill 1996) .
We previously identified the distribution and population of various immune cells in the epithelia and lamina propria of FPs and found that dendritic cells (DC), macrophages, and T lymphocytes were the constitutive guardians of anterior lingual human taste tissue, with DCs and T cells predominating under healthy conditions. Low levels of macrophages and B lymphocytes were detected. T lymphocytes were frequently present throughout the FP with CD4+ T cells more prevalent than CD8+ T cells (Feng et al. 2009 ). These results suggest that DCs and CD4+ T cells may play important roles in affecting gustatory function in inflammatory states as they defend the tissue. CD4+ T cells act as helper T cells. The functions of T helper cells in the immune system are very important and unique. Although they have no direct cytotoxic or phagocytic activity to pathogens or cancer cells, they are involved in regulating the activities of most other immune cells, such as antigen (Ag) presentation on immune cells, B-cell antibody production, CD8 T-cell cytotoxicity, and bactericidal activity of phagocytes. CD4+ T-helper (Th) cells are highly diverse in function and can be identified by molecular markers on their cell surface and cytokines they produce to delineate them into different subtypes, including Th1, Th2, Th3 cells; regular, naive and memory T cells; resting and activated T cells; and others.
Accumulating evidence suggests that the oral immune system is pivotal in mediating the interactions between host and microbia that shape the oral environment. Oral homeostasis arises from a highly dynamic balance between host protective immunity and regulatory mechanisms. This regulation is achieved by a number of T-cell populations with different roles in immune regulation and their acting through a set of shared regulatory pathways. However, little is known about T-cell subsets in human gustatory tissue. Here, we identify the populations of major T-cell subsets controlling immune responsiveness in anterior lingual gustatory tissue. We used immunohistochemistry to mark the surface antigens associated with T-cell functions and activations. The results show that the subsets of T cells in human taste tissue feature prevalent Th1 cells and memory cells, a high frequency of intraepithelial c/d T cells and low level of activated and regulatory T cells (Treg) under healthy conditions. This work provides normative data for the subsequent study of inflammatory processes in patients with gustatory perceptual and behavioral dysfunctions, as well as for the treatment of taste disorders related to immune responses and acute and chronic inflammatory states.
Materials and methods

Human subjects
Twelve healthy adult subjects (six men and six women; age 35.8 ± 9.6 years) were recruited through the Department of Otolaryngology at Thomas Jefferson University and were evaluated by the physicians. The evaluations were performed to ensure that all the subjects had normal taste perception and were free of systemic inflammation, immune-related diseases, and gustatory lingual disease, and were not taking prescription medications. None presented with clinical complaints or abnormal taste perceptions. Taste self-evaluation was conducted via a questionnaire established by the Monell/ Jefferson Smell and Taste Clinic at Thomas Jefferson University. The collection of human tissue was conducted after subjects provided informed consent in accordance with the Declaration of Helsinki according to a protocol approved by the Institutional Review Board of Thomas Jefferson University and the Office of Regulatory Affairs University of Pennsylvania.
Tissue sampling
Four human lingual FPs were collected from anterior tongue with microscissors from each of the subjects by a licensed surgeon as described elsewhere (Rossier et al. 2004 ); in total, 48 biopsies were collected for this study. Biopsies were immediately placed in 4% paraformaldehyde-phosphate-buffered saline (PBS) for 1-2 h at 4°C, processed through a series of 10-30% sucrose solutions dissolved in H 2 O for cryoprotection, and then embedded in M1 matrix medium (Shandon) and frozen using an acetone-dry ice bath. Frozen sections were cut at a thickness of 10 lm through the entire biopsy, mounted on StarFrost slides (Mercedes Medical) and stored at -20°C until analyzed.
Immunohistochemistry
We used previously described immunohistochemistry techniques (Yee and Rawson 2005) to identify immune cell populations in FPs. Briefly, primary and secondary antibodies were selected for their specificity, sensitivity, and availability. Frozen sections were dried in an oven at 37°C for 30 min and rehydrated 10 min with 0.1 M PBS at pH 7.0. Endogenous peroxidase was blocked by 3% hydrogen peroxide for 10 min. Tissue sections were then washed in PBS for 3 · 5 min, incubated in Superblock (Pierce) for 1 h at room temperature (RT) to block nonspecific-binding sites. Mouse antibodies specifying the following cell surface markers were employed as primary antibodies and incubated with the tissue sections for 2 h at RT: T-cell receptor (TCR)-c/d, CD45RA, CD45RO, CCR4, CCR5, CD25, CD152, CD123 (or overnight at 4°C for TCR-a/b; BD Pharmingen).
The characteristics and biological functions of the antibodies applied in this research are listed in Table 1 . After a 3 · 5 min PBS wash, tissue sections were incubated for 1 h with secondary biotinylated antibody then in prediluted streptavidin-horseradish peroxidase (HRP) complex (Anti-Ig HRP Detection Kits; BD Pharmingen) for 45 min. Immunoreactivity was detected using diaminobenzidine (DAB) as the chromogen. Sections were counterstained with hematoxylin and 0.3% (v/v) diluted ammonia prior to dehydration and coverslipping. Controls for nonspecific binding were performed by substituting primary antibody with an isotypic control immunoglobulin G or excluding primary antibodies. Each antibody was used on 48 sections from the 12 subjects.
Computer-assisted image analysis and cellular quantification
The method of cell quantification has been published previously (Robert et al. 1995; Phipps et al. 2004; Feng et al. 2009 ). Brightfield images were captured at a 10 · 10 magnification using the Nikon DXM 1200C attached to a Nikon Eclipse 80i microscope. The density of specific immunoreactive cells in both the epithelium and lamina propria of FPs were quantitatively measured using Image-Pro Plus image analysis software 6.0. This software allows analysis of brown-or orange-stained areas of tissue sections (obtained after immunohistochemistry with DAB staining) with light blue counterstaining. On the computer screen, two masks were used. One mask was used to define a threshold to determine the total areas of the epithelium and lamina propria in measured section. A second mask was applied over the captured image based on the color range of DAB-reactive immune cells. The masked areas within the epithelium and lamina propria were measured and summed, and the size for each region was calculated. The cell population was expressed as the ratio of the masked colored area (cells) to the total area of tissue region measured. The accuracy of the computer evaluation of color was checked and validated by human visual appraisal of each section at 10 · 10 magnification. All slides were computer analyzed by the same person. For each subject and antibody, four sections from four different FPs were analyzed and the relevant values were averaged. This protocol was developed while assessing sections with different densities of positive staining with experimenters blind to the antibody used.
Statistical analysis
The two-sample t-test was performed using the PRISM software package (GraphPad) to compare the differences of cells (TCR-a/b, TCR-c/d, CD45RA, CD45RO, CCR4, CCR5, CD25, CD152, and CD123) in the compartments of epithelium and lamina propria. The differences in cellular intensities of a/b T cells versus c/d T cells, CD45RA+ ''naive'' T cells versus CD45RO ''memory'' T cells, and CCR4+ Th2 versus CCR5+ Th1 cells in the compartments of epithelium and lamina propria were also analyzed. P < 0.05 denotes significant difference.
Results
Th1 (CCR5+) and Th2 (CCR4+) cells
To explore the general presence and distribution of Th1 and Th2 T cells, we identified chemokine receptors CCR5 and CCR4, which are expressed on Th1 and Th2 cells, respectively, in human FP biopsies (Baudouin et al. 2005) . Our results show that CCR5-expressing Th1 cells were consistently present in the epithelial and lamina propria compartments of taste tissues and were scattered throughout the sections (Figure 1 ). Quantification of cellular density using computerassisted image analysis indicated that the percentage area of CCR5+ staining comprised 1.33% of the epithelium and 4.86% of the lamina propria in virtually all sections. In contrast, CCR4-positive Th2 T cells were only identified in 66.6% (8 out of 12) subjects, indicating that one-third of all FP sections contained no detectable CCR4-expressing cells. The densities of CCR4-expressing cells were also significantly lower than for CCR5 both in the epithelial (0.38% vs. 1.33%) and in the lamina propria (0.61% vs. 4.86%) compartments of FPs. These data clearly demonstrate that CCR5+ Th1 cells are more prevalent than CCR4+ Th2 cells in human lingual taste tissue.
Regulatory T cells
To study the population and distribution of Treg cells and activated T cells, sections of human FP were labeled with antibodies against CTLA-4 (CD152) and interleukin-2 receptor (IL-2R, CD25). Both these two molecules are expressed on Treg cells (Uhlig and Powrie 2005) , and CD25 is also expressed on activated T cells (Marzano ). These two biomarkers were both used as they serve as cross-references for Treg in FP. Human FPs express similar low levels of CD25 and CD152 in the epithelial and lamina propria compartments, as shown in Figure 2 . There were no significant differences in densities between the cells identified by these two markers either in the epithelium or underlying lamina propria of taste tissues.
Memory T cells and naive T cells
T cells generally consist of a mixture of naive T cells (CD45RA+) and memory T cells (CD45RO+). After antigen stimulation, some naive T cells transition to memory cells and activated cells. CD45RA+ naive and CD45RO+ memory cells were diffusely distributed in the epithelium and lamina propria of most human FPs. In some sections, CD45RO+ cells formed small clusters within epithelium and especially the lamina propria, as shown in Figure 3 . Overall, the density of CD45RO+ expressing cells was higher than that of CD45RA+ cells in most FP sections. The percentage of CD45RO+ stained area was 4.08% of the epithelium and 9.9% of the lamina propria, whereas the CD45RA+ stained areas were only 2.32% and 1.45% in epithelium and lamina propria, respectively ( Figure 6 ). These data indicate that CD45RO+ memory cells are more abundant T cells than are CD45RA+ naive T cells in FP. 
CD123+ plasmacytoid DCs
DC cells, including plasmacytoid (PDCs) and myeloid DCs, have a crucial role in regulation of T cell-mediated immune responses. PDCs tend to create an environment that favors a Th2-biased immune reaction. Relatively high and variable numbers of CD123+ PDCs were identified in the lamina propria of all samples but few were found in the epithelial compartment of the same tissues. In addition to PDCs, which were diffusely located in the connective tissue, endothelial venules in the FP tissues also expressed strong CD123, as shown in Figure 5 . In contrast to the distribution feature of the CD1a+ Langerhans cells that are exclusively present in the epithelial compartment of the FP tissues, as we demonstrated previously (Feng et al. 2009 ), CD123+ PDCs were exclusively present in connective tissue beneath the epithelium ( Figure 5 ).
Quantification of the cell populations
Quantification of the relative density of each identified lymphocyte subset in the epithelium and the lamina propria is summarized in Figure 6 . In the epithelium, the densities of the stained cells are, in descending order: CD45RO, CD45RA, CCR5, c/d T cells, a/b T cells, CD25, and CD152. In the lamina propria, the order of the cell populations are CD45RO, CCR5, CD45RA, a/b T cells, CCR4, c/d T cells, CD152, and CD25. CD45RO+ cells are clearly the most frequent cell types in both epithelial and lamina propria T cells in the epithelium but more numerous in the lamina propria (P < 0.05). The densities of CD45RO+ memory T cells are significantly higher than are CD45RA+ naive T cells in both epithelial and lamina propria compartments (P = 0.05 and P < 0.001, respectively). CCR5+ Th1 cells are also significantly more numerous than CCR4+ Th2 cells in both the epithelium and the lamina propria (P < 0.001). A similar density of CD25+ and CD152+ cells was observed in the epithelium and the lamina propria. The results are presented in Figure 6 .
Discussion
We determined the identity and distribution of the major subtypes of T cells in situ in the biopsies of healthy human FP to better understand potential interactions between the immune system and the gustatory system, particularly the possible regulatory roles of T cells on taste activity. All the biopsies of FP were collected from volunteers who had neither signs of systemic inflammation nor clinical signs of significant oral diseases. Therefore, the results represent the immune cell populations in human gustatory tissue under healthy conditions. Our overall results show that the subsets of T cells in human taste tissues are characterized by frequent intraepithelial c/d T cells, dominant memory cells T cells and prevalent Th1 cells, with low levels of activated T cells and Treg.
Establishing the functional diversity of helper T lymphocytes, such as the Th1 and Th2 subclasses, as well as Treg, is useful for understanding the mechanisms of immune regulation both in healthy and disease conditions. To analyze the Th1 and Th2 cells in human taste tissue, we focused on cells that express two chemokine receptors, CCR5 and CCR4, which are associated with the Th1 and Th2 cells, respectively (Campbell and HayGlass 2000; Trinh et al. 2008) . These differential patterns of chemokine receptor expression have been widely applied to identify Th1-and Th2-type cells in clinical and animal experiments (Baudouin et al. 2005; Elhini et al. 2005; Trinh et al. 2007 ). Prior to this study, little was known of their presence in the human lingual taste system. A high level of CCR5 (Th1) expression was observed in all subjects. In contrast, a weak expression of CCR4 (Th2) was identified and appeared in only a subset of individuals examined. Clearly, Th1 cells are more prevalent in human peripheral taste tissue than are Th2 cells. This strongly suggests that local immune responses in human taste tissue are Th1-type biased. The Th1 and Th2 balance is a key component of the digestive mucosal immune defense against pathogens and immune tolerance. Whereas Th1 cells secrete the cytokines IFN and tumor necrosis factor, Th2 cells secrete IL-4, IL-5, IL-9, and IL-13. Previous studies demonstrated the presence of Th1 cytokine IFN-mediated signaling pathways in taste bud cells and inflammation-induced taste alteration. Cytokine communication between receptor cells in taste buds and surrounding immune microenvironments related to Th1 and Th2 cells may contribute to the maintenance of normal taste activity and the immunotolerance of nutrients in the oral cavity.
The CCR5 ligands include Macrophage Inflammatory Protein-1a (MIP-1a) and MIP-1b, which recruit both macrophages and neutrophils and were recently identified in taste tissue (Cavallin and McCluskey 2007) . CCR4 is the main receptor for macrophage-derived chemokines, as well as thymus and activation-regulated chemokines. The interaction between chemokines and their receptors is an important step in the control of leukocyte migration into sites of inflammation. Recent studies suggest that the dysregulation of Th1-Th2 balance is associated with inflammation-related chemosensory disorders, such as in chronic rhinosinusitis (Elhini et al. 2005) and oral lichen planus (Iijima et al. 2003) . These findings of different patterns of chemokine receptor expression demonstrate a possible mechanism of selective induction of migration and activation of Th1-and Th2-type cells during inflammation into peripheral human taste tissue.
We also demonstrated the expression of two important cellular markers for Treg cells, CD25 and CTLA-4 (CD152), in human FPs. Both markers exhibited a similar low level of expression and similar tissue distribution pattern in taste tissue. CD25 is now known to be IL-2Ra, an early activation marker on T cells and also serves as a biomarker of Treg cells and has been widely used with the marker FoxP3 to identify CD3+CD25+ Treg cells (Fontenot et al. 2005) . Similar to CD25, CD152 (CTLA-4) is also expressed on activated T cells and some types of Treg cells (Read et al. 2000) ; however, it downregulates T-cell activation through negative TCR signaling and competitive antagonism of CD28-and B7-mediated costimulation (Carreno et al. 2000) . We believe that the Treg cells in human gustatory tissue may play a role in the maintenance of oral homeostasis and interactions between the local immune system and the taste system; however, the exact role of these cells in taste tissue remains unknown.
The human T-cell population can also be divided into functionally distinct and largely reciprocal subsets based on their differential expression of CD45 isoforms (CD45RA, CD45RO). CD45RO+ memory T cells respond maximally to recall Ag and provide help for specific immune responses, such as antibody synthesis. In contrast, the CD45RA+ naive population responds poorly to recall Ag and lacks helper function for specific immune response (Morimoto and Schlossman 1993) . Here, we identified memory T-cell and naïve T-cell subsets in taste tissue by examination of CD45RO and CD45RA. We note that CD45RO+ memory cells are the principal T-cell type in human taste tissue. The results agree with previous reports of human gingival (Colasante et al. 1992 ) and buccal mucosa (Walton et al. 1998) . The CD45RO+ T cells in local tissue may reflect conversion of T cells from naive (CD45RA+) to memory (CD45RO+) phenotype at the site of exposure to repeated Ag stimulation (Sanders et al. 1988 ). This conversion is believed to be unidirectional and irreversible. We believe that the high frequency of cells expressing CD45RO in the gustatory system mirrors the process of immature and naïve CD45RA cell conversions into memory cells after activation by oral antigens from food and oral bacteria. As only a low level of activation marker CD25 was displayed in the same sections of FP, this may indicate that most CD45RO+ memory T cells in human FPs are in a resting state instead of activated state. This scenario is consistent with observations of relatively weak immune responses in the oral cavity during healthy conditions. T lymphocytes recognize Ag through the TCRs. There are two structurally distinct types of CD3-associated T-cell receptors, namely heterodimers composed of two pairs of glycoprotein subunits: a/b (a/b TCR) or c/d (c/d TCR). Over 90% of human peripheral T lymphocytes express a/b TCR and less than 10% express c/d TCR (Acuto and Reinherz 1985; Groh et al. 1989) , but c/d T cells are reported to be relatively enriched within mucosal epithelia and seem to play a specific role in mucosal immunity (Goodman and Lefrancois 1988) . c/d T cells may coordinate innate and acquired immune responses that maintain the integrity of epithelial tissues (Komano et al. 1995; Mak and Ferrick 1998; Hayday and Tigelaar 2003) . They are also increased in diseased mucosa (Yeung et al. 2000) . Here, we identified the a/b T cells and c/d T cells in FP and discovered that they are differentially distributed in the epithelial and lamina propria compartments. The majority of a/b T cells are located in the lamina propria but c/d T cells are more prevalent in the epithelium where taste buds reside. The ratio of a/b T cells to c/d T cells is 1:3 in epithelium but is 2:1 in lamina propria of FP tissue. This distribution may contribute to the highly controlled immunotolerance in oral mucosa, which is heavily exposed to high levels of environmental antigens such as nutrients and various bacteria.
The population and distribution of CD123+ PDCs were identified in this project to expand our study of the heterogeneity of DCs in taste tissue. PDCs, originally believed to be plasmacytoid T cells in skin (Eckert and Schmid 1989) , have been recently identified as a subset of DCs (Liu 2005) . Previously, we identified four different subsets of DCs that populate the mucosa of FP; the prototypical DCs that express CD11c, Langerhans cells that express CD1a, immature DCs that express DC-SIGN, and mature DCs that express CD83. These DCs are distributed either in both the epithelia and lamina propria (CD11, CD83, and DC-SIGN) or exclusively in epithelium (CD1a) (Feng et al. 2009 ). Presently, we found the distribution of CD123+ PDCs to be distinct from the other classes of DCs in papillae in that CD123+ PDCs are exclusively present in the lamina propria of the FP tissues. These differences in distribution likely reflect the specific function of these subsets of DCs in local immune responses. As a unique subset of DCs, PDCs recognize viral, bacterial, and self-nucleic acids. They produce type-I IFN, activate T cells, and play a crucial role in the initiation of immune responses including antiviral and antitumoral immune responses (Marafioti et al. 2008) . They are featured by a high level of IL-3 receptor a-chain (CD123) expression, and this expression may be upregulated by T cell-produced IL-3 via autocrine or paracrine stimulation. It is believed that the CD123 expression is associated with Th2-cell immune reactions; note that Th2 cells were less commonly observed in the lamina propria than Th1 cells (Figure 1) . The compartmentalization of DCs in the different regions of taste tissue may be important to the immune surveillance of this tissue under the normal, healthy conditions and immune response in some diseases.
In summary, we have described the characteristic subsets of T lymphocytes in the human peripheral taste tissue. As an important part of the immune cell network in the lingual gustatory system, these subtypes of T cells might have regulatory roles in protecting the local tissue. These observations provide basic cellular knowledge for the roles of immune regulation and inflammation on gustatory activity in health and disease.
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